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PRELIMINARY INVESTIGATION OF ZIRCONIUM BORIDE CERAMAIS
FOR GAS-TURBINE BLADE APPLICATTIONS

By Charles A, Hoffman

SUMMARY

Zlrconlum borlde ZrBs ceramals were Investigated for possible gas-

turblne-blade application. Included in the study were thermal shock
evaluations of disks, preliminary turbine-blade operation, and ohserva-
tlong of oxidation resistance. Thermal shock dlsks of the following
three composititms were studled: (a) 97.5 percent ZrBs plus 2.5 percent
B by welght; (b) 92.5 percent ZrB; plus 7.5 percent B by welght; and

(¢) 100 percent ZrBs.

Thermsl shock disks were quenched from temperatures of 1800°, 2000°,
2200°, and 2400° F. The life of turbine blades containing 93 percen‘b
ZrBs plus 7 percent B by weight was determined in gas-turbine tests.

The blades were run at approximately 1600° F and 15,000 to 26,000 rpm.

The results of this investigation were as follows:

1. The best thermal shock performence was ylelded by the 97.5 per-
cent ZrBo plus 2.5 percent B compositlon. This result compared favorably

wlth those for ceramals of Tl1C plus Co and of TiC plus Ni.

2, Obgervations of oxidation made durlng the thermal sghock studles
indicated that oxidation was slight for the short times involved up
to 2000° F. However, a 97.5 percent ZrBy; plus 2.5 percent B specimen

held for 100 hours at 2000° F was severely oxidized. The oxide scale
was Zl‘Oz.

3. A blade of 93 percent ZrBs plus 7 percent B was operated for

35 minutes at 1600° F and 26,000 rpm. A second blade ran for 40 minutes
at 16800° F and 15,000 to 28, OOO rpm, while a third failed under 1600° F
and below 15,000 rpm.
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INTRODUCTION

In a continuing effort to develop ceramal materials for alrcraft
power-plant applications, zirconium borlde ZrBp ceramals have been con-
sldered. Date glven In reference 1 Indicate that cemented zirconlum
boride possesses excellent btransverse rupture strength at approximately
2400° F and also has good oxidatlon resistance. These data suggest
further investigation of this material for gas-turblne-blade _
application. '

The obJjectives of this investigation at the NACA Lewls laboratory
were threefold: (a) to determine the thermal shock behavior, (b) to
determine the turbine blade performance, and (¢) to observe the oxida-
tion reslstance of ZrBs ceramals.

APPARATUS AND PROCEDURE

Experimental materials. - Exﬁerimentél-materials were furnlished by
the American Electro Metal Corporation.

Ceramal thermal shock disks. - The thermael shock disks were
1/4 inch thick by 2 inches in diameter and were elther hot pressed or
cold pressed and sintered. Three compositions were Investigated
(a) 100 percent ZrB,, (b} 97.5 percent ZrB, plus 2.5 percent B, and
(c) 92.5 percent ZrBy plus 7.5 percent B. Fabricating information
(1.e., powder slze, tempersture, pressure) wes not furnished for any
of the disks. Some of the thermal shock specimens were made of virgin
powders, and others were made of recrushed powder, whilch 1s hot-pressed
materlal recrushed and remilled. The hilstory of the dlsks 1s summarized

in table I. All specimens except numbers 21 to 25 were inspected by radio-

graphic methods to detect Ilnternsl flaws and by a penetrant-oil method
to detect surface flaws and porosity. These tests were performed at
this laboratory. Specimens 9 to 20 were surface-ground in an effort to
remove surface porosity. After these disks had been ground sbout

0.03 inch under-gized without elimination of the porosity, grinding
was discontinued. Specimens 21 to 25 hed been annealed, subjected

to approximately 50 thermal shock cycles, and radiographically
inspected by the manufacturer, before they were received at this
laboratory. The details of the annealing treatment and the thermal
shock procedure are not known. The surfaces of these specimens

were oxidized after this preliminary testing and for that reason sur-
face inspection could not be made at this laborsatory.

Ceramal blades. ~ The ceramal turbosupercharger-type blade used is
1llustrated In figure 1(a). Thils blade shape is simllar to that used
In the investigations reported in references 2 and 3. The ceramal and
the alloy blades had the same alrfoll configuration; the ceramal blade

entiinssane
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root, however, had & 100 percent greater cross section (fig. 1). The
roots of the ceramal blade roots were electroplated with 0.008 inch of
copper. The blades were made of 93 percent ZrBp plus 7 percent B and
were hot pressed. These blades were radlographically inspected for
internal flaws and penetrant-oil inspected for external flaws Data for
the blade specimens are presented in table I.

Evaluation Procedures

Thermal shock evaluation. - The thermal shock apparatus consisted
of a furnace In which a specimen was heated and an alr chamber into
which the specimen could be quickly moved for quenching. Thils apparatus
is 1llustrated in flgure 2. The &ir veloclty was 265 feet per second
(50 1b/min at 70-80° F). The specimen was kept in the furnace for
10 minutes and then withdrawn into the guenching elr stream for 5 min-
utes. The test consisted of 25 quench cycles fram 1800° F, 25 quench
cycles from 2000° F, 25 quench cycles from 2200° F, and 25 quench cycles
from 2400° F for a total of 100 cycles or until specimen fallure, whilch~-
ever occurred flrest. A more detalled description of the apparatus and
procedure ls glven in reference 2. Qualltative observatlons of oxlda-
tion were made concurrently wilth the thermal shock evaluatlon.

Turbine blade evaluatlon. - The apparatus conslsted essentlally of
e small gas turbine supplied wilith hot gases from a turbojet combustion
chamber (see fig. 3). The inlet-gas temperature was measured by
chromel-alumel thermocouples attached to the turbine gulde vanes
Immedlately upstream of the blades. A more detalled descriptlion of
this apparatus 1s glven in reference 4. FXach of the ceramal blades
was run separately at an estimated temperature of 1600° F. The
operating schedule for the flrst two blades specified rapld acceleration
to 15,000 rpm and step-wise speed Increases up to 26,000 rpm and then
extended operation &t thls speed. The third blade was brought directly
up to 26,000 rpm. At thls speed the midspan stress for the ceramal
blade was approximately 14,700 pounds per square inch. The mldspan
gtresg of Stellite 21 glloy control blades was gpproximately
20,000 pounds per sguare lnch. A ten-blade gslloy control sample was
run along with each ceramal blads. The remaining blades in the wheel
were metal and were cut to about 3/4 thelr orlglinal length to prevent
thelir fallure and yeot permit operating speeds to be reached. The
wheel was dynamlically balanced before operatlion and thereafter as
necessary.

Oxidation evaluation. - In additlon to the qualitative oxldation
observations made in the thermal shock evaluation, a speclmen of
97.5 percent ZrBs plus 2.5 percent B (virgin powder), taken from &

failed thermal shock disk, was kept for 100 hours at 2000° F in a
commerclal-type heat-treat furmace. The composltion of the oxlde scale
formed was determined from X-ray dilffraction studles by the Debye-Scherrer
method.
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Denslty evaluatlion. - The percent of theoretical density was deter-
mined for some of the dlsks after thermal shock evaluatlon. The surfaces
were carefully ground to remove all scale. The actual density was
determined from weighings in water and alr. Water absorption of the
disks during these welghlngs was negligible.

The theoretical density was computed with 6,1 (ref. 5) and 2.3
(ref. 6) grams per milliliter used as the densities of ZrBy and B,

regpectlively, assuming a mechanical mixture of the two.

RESULTS AND DISCUSSION

Thermal Shock Evaluation

The thermal shock performance of the specimens is presented in
teble IT(a). The best results were obtained with disks 21 to 25,
which contained 2.5 percent B plus 97.5 percent ZrBps. These disks were
made in a hot press designed to reduce residual stress. Thermal shock
resistance has been improved compared with the other 2.5 percent B
plus 97.5 percent ZrBs disks but it is not known whether this is attrib-
utable to the hot press or to the annealing. Except for disk number 23,
which may have been defective In view of 1ts poor performance compared
with disks 21, 22, 24, and 25, these disks survived the full 100 thermal
shock cycles 1In addltion to the approximately 50 heat shock cycles
they had received before belng recelved at thils laboratory. It was not
¥nown whether recrushed or virgin powders were used for these dlsks.

Agsuning no other msjor verlables have been changed, 1t would
appear from a study of the results for the disks 3 and 13 to 20 that
vlrgin powders yleld betiter results than recrushed powders. Study of
the data for disks 4 to 8 and disks 16 to 20 does not suggest any effect
of density on thermal shock resistance.

The thermsal shock resistance of the 97.5 percent ZrBs plus 2.5

percent B ceramal compares favorably with that of (CbTaTi)C, modified
TiC plus Co, and TiC plus Ni ceramals reported in reference 3.

Oxidation evaluation. - In general, the oxldation durlng the
thermal shock evaluatlion was negligible to slight, through 2000° F for
gspecimens 1 to 20, The total tlme at temperature for the first
50 cycles was, however, only 8.3 hours. At 2400° F the oxldation was
moderately severe. The scale was tightly adhering and could not be
readily removed by elther chipping or vapor blasting. Since specimens
21 to 25 were already oxldized before the NACA thermal shock testing,
it was not poasible to determline the extent of oxldation for these
specimens &t the lower temperstures; however, upon completion of
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100 cycles (i.e., up through 2400° F and 16.7 hr of testing) oxidation
had also become moderately severe.

The 97.5 percent ZrB, plus 2.5 percent B specimen, which was kept at

2000° F for 100 hours, underwent serious oxidation, as 1llustrated in
Pigure 4. A "Maltese cross” effect associated with oxidatlon occurring
at the metal-scale Interface 1s noted. Also to be noted is the
occurrence of & number of zcnes wilithin the scale. This specimen
experienced & welght gain of 9,7 milligrams per square centimeter.
Orilginally i1t had a cross-sectional area of 0.367 square centlmeter

end after heating hed an unaffected area of 0.148 square centimeter,

60 percent of its orlglinal cross-sectlonal area having become oxidized.
The X-ray diffraction study showed the scale to be composed only of ZrO,.

Density evaluation. ~ The percents of theoretical densitles
reported by the Pabricator and those determined during the course of
this study are reported in table II. It can be noted that the values
determined during this investigation are, in all cases, lower than those
reported by the fabricator. Although the reason for the discrepancy
is not known, the surface porosity revealed by use of a penstrant-oil
inspection method on the disks tends to confirm the lower values.
Possible reasons for discrepancy &are:

_ (a) The assumption of a chemlcal reaction in the fabricator's
calculations (new compound formation, solution, etc.) rather than a
méechanical mixture of the components. This would not account for the
discrepancy in specimens 10, 11, and 12, which are 100 percent ZrBjp.

(b) The use of differing densities for the components in the
calculeaetions. -

(¢) The possibility that some physical change during the thermal
shock testing has altered the density.

Turbine blade evaluation. - The results of the turblne blade
evaluation are presented in table II(b). The flrst blade falled
after a total of 55 minutes at the various conditions listed In the
table. The second blade falled during the approach to 15,000 rpm and
1600° F. Thils blade ran for & total of 10 minutes. Subseguent exam-
Ination of the falled sectlon indlcated that this blade may have been
defective. The third blaede falled after 40 minutes of operation,
35 minutes of which were at 26,000 rpm and 1600° ¥, and the other
5 minutes used 1n approaeching this conditlon. Oxidatlon was negliglble
during these runs. No alloy blades falled during these tests.

The ceramal blades had & 100 percent greater cross-sectionsal
area In the root than did the alloy conbtrol blades In order to
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compensate for thelr brittleness. In addition, the roots of the ceramal
blades were copper plated In order to achleve & better load distribution.
However, these expedients were Insufficlent to prevent the fallure of
the ceramal blades at the neck-roll Junctlion of the roots.

The obJective of the blade evaluation was to study the performance
of this ceremal at a speed (26,000 rpm) at which the stress at the
midspan in the Stellite 21 alloy control blades would be comparable to
the gtresses at the mldepan of the blades in & current Jet englne.

At 26,000 rpm the stress at the mldspan of the control blades was
20,000 pounds per square Inch. This value 1s simllar to that
encountered at the midspan in the blading of the J33 turbojet engine.
Simultaeneously 1t was desired to determine whether or not there was
any limlting speed below 26,000 rpm; hende, the first two blades were
brought to 15,000 rpm and Increased by incremente thereafter. The
flret two rune Indiceated that the qusality of the materlal varied
widely and that operatlon should be limited to low speeds. Because
of the limited number of blades avallable, and because the varlation
in quallty Indlcated that the performence in the filrst two runs was
probably not indicative of the potential performance of other blades,
it was declded to take the third blade directly to the final operating
condlitions; the results indicate that 1t mlght be posslble to operate
at this condltion for short times.

As gtated previously, all the blades failed in the root and conse-
quently the ability to wlthetand the severe condlitions which exist at
the mlidspan of the alrfoil cannot be satlsfactorlly Jjudged. Blade life
could probably be prolonged by the use of improved root designs. When
the ZrBs blades reported herein are compared with the TI1C plus Co and

TiC plus Ni blades reported In reference 3, 1t 1s seen that the ZrBj

ceramel blades ran for shorter times under slmilar conditions than did
the reference blades., However, in view of the facts that a very small
number of ZrBs blades were investigated and that there is only limited

experience In the fabricatlion of ZrBy blades, these results must be
regarded as very preliminary.

SUMMARY OF RESULTS
The resulte of thls Investigation may be summarized as follows:

1. The best thermal shock performance was ylelded by the
97.5 percent zircohium boride ZrBs plus 2.5 percent boron B-composition.
This composition survived 100 quenchlng cycles; 25 cycles at each of
the following temperatures: 1800°, 2000°, 2200°, and 2400° F.

2496
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2. Observations of oxidation during the thermal shock studies
indicated that oxidation was, In general, slight for times less then
8.3 hours up through 2000° F. However, a 97.5 percent ZrBs plus
2.5 percent B specimen held for 100 hours at 2000° F was severely
oxldized. The oxide scale was ZrOg.

3. A 93 percent ZrBo plus 7 percent B blade was operated for
35 minutes at 26,000 rpm and 1600° F. A second blade ran for 40 minutes
at speeds of 15,000 to 19,500 rpm at 1600° F. A third blede investi-
gated failed below 15,000 rpm and under 1600° F:

Lewis Flight Propulsion Laboratory
National Advisory Commlttee for Asronautlcs
Clevelend, Ohio
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TABLE IT. - SUMMARY OF ZIRCONIUM BORIDE CERAMAL INVESTIGATION
(a) Thermal shock evaluation of disks.

v

Speclmen Boron Number of cycles at -~ Total number|Type of failure
number | content, [7560% H 2000° F|2200° F| 2400° P cycles
percent
1 2.5 10 10 Fracture
2 2.5 3 3 Crack
3 2.5 o5 25 25 75 Fracture
4 7.5 25 25 8 58 Fracture
5 7.5 7 7 Crack
] 7.5 25 4 29 Crack
7 7.5 25 3 28 Crack
8 7.5 25 25 Practure
9 7.5 g 9 Fracture
10 3] 25 25 50 Crack
11 o) 15 15 Crack
12 a 25 25 50 Crack
13 2.5 25 11 36 Crack
14 2.5 25 25 1 51 Crack
15 2.5 25 25 S0 Crack
16 2.5 25 25 25 25 100
17 2.5 25 25 25 5 78 Fracture
18 2.5 25 25 25 21 a8 Fracture
19 2.5 25 25 25 3 78 Fracture
20 2.5 25 25 25 25 10¢
21 2.5 25 25 25 | 25 100
22 2.5 25 25 25 25 100
23 2.5 3 3 Practure
24 2.5 25 25 25 25 100
25 2.5 25 25 25 25 100
(b) Turbine blade evaluation.
Speci- Estimated Speed, Time,| Total time, Remarks
wmen blade temperature, rpm min n
number SF
to
26 to 1800 15,000 15 15
1800 15,000 1o 25
1600 16,750 10 35
1600 18,000 io 45
1800 19,500 10 55 Blade fallure occurred at
neck-roll junction
to
27 to 16800 15,000 1ia 10 Blades failed upon approzeh to
1600° P and 15,000 rpm.
Faillure occurred in neck-roll
Junction
to
28 to 1600 26,000 5 5
1800 26,000 35 40 Blaede failed at neck-roll
Junetion

S,
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(a) Ceramal blade.
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Figure 1. - Types of blade design used in investigation.
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C-31563

Figure 4. - Ceramal specimen contalning 97.5 percent zirconium boride plus 2.5 percent
boron {virgin powders) after 100 hours at 2000° I in air atmosphere. X15.
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